We developed quantitative fimA genotype assays and applied them in a pilot study investigating the fimbrial genotype distribution of Porphyromonas gingivalis in European subjects with or without chronic periodontitis. P. gingivalis was found in 71% and 9% of the samples from patients and healthy subjects, respectively. Enumeration of total P. gingivalis cell numbers by polymerase chain reaction and immunofluorescence showed excellent correspondence (r = 0.964). 73% of positive samples contained multiple fimA genotypes, but generally one genotype predominated by one to three orders of magnitude. Genotype II predominated in 60% of the samples. Genotype IV occurred with similar prevalence (73%) as genotype II but predominated in only 20% of the samples. Genotypes I, III and V were of much lower prevalence and cell densities of the latter two remained sparse. Our results suggest marked differences among the fimA genotypes' ability to colonize host sites with high cell numbers.
Introduction
Porphyromonas gingivalis is a Gram-negative anaerobic rod with deep human periodontal pockets as its preferred habitat. Due to its strong association with chronic periodontitis [1] and its wealth of potential virulence factors [2] , the species is widely considered to be a major cause of chronic periodontitis in adults. P. gingivalis expresses thin ¢mbriae evenly distributed on the cell surface. There is ample evidence from in vitro and animal experiments that these ¢mbriae are important for binding to host cells and saliva-coated hydroxyapatite (see [2] for review). They also elicit a strong humoral host response [3] and it remains to be determined to what extent host antibodies interfere with ¢mbria-mediated adhesion. The major subunit of P. gingivalis ¢mbriae is FimA, a 43-kDa protein encoded by the ¢mA gene of which cells have a single copy [4] . Genetic analyses revealed ¢mA heterogeneity [5] , re£ected in the distinction of multiple genotypes [6, 7] . Recent studies with Japanese subjects di¡ering in periodontal health status revealed an exceptionally high prevalence (37%) of P. gingivalis among healthy individuals and an association of ¢mA genotype II with severe periodontitis, whereas periodontally healthy subjects mostly harbored genotype I [8] . These ¢ndings are of particular interest since the well-documented association of P. gingivalis with chronic periodontitis is not clearly understood. The species has a population structure characterized by frequent recombinations [9] . In general such a panmictic population structure is typical for opportunistic pathogens with a basically random distribution of potential virulence factors [10, 11] . Amano et al.'s ¢ndings [8] seem to suggest, therefore, that ¢mA diversity represents an isolated trait that is highly associated with P. gingivalis virulence, and one would then expect that very similar ¢mA genotype distributions must be present in subject groups from other geographical regions.
The aim of this study was to generate quantitative assays for the enumeration of the various P. gingivalis ¢m-brial subtypes and to monitor these cells in a pilot population of Swiss and Norwegian subjects with or without chronic periodontitis. To be able to quantitate even minor populations of ¢mA genotypes, a quantitative real-time polymerase chain reaction (PCR) assay was developed and employed.
Materials and methods

Study population
The studied cohort comprised 17 patients with chronic periodontitis (six men, 11 women, mean age 53.1 years, age range 38^81 years) and 12 periodontically healthy subjects (six men, six women, mean age 30.2 years, age range 22^46 years) from two periodontists with private o⁄ces in the Zu « rich area (Switzerland). In addition, 21 periodontically healthy adults (seven men, 14 women, mean age 23.4 years, age range 19^33 years) were selected among patients of the Department of Odontology from the University of Bergen (Norway). Inclusion criteria for subjects with chronic periodontitis were v 20 natural teeth and v 4 sites with v 4 mm pocket probing depth (PPD) and attachment loss; the corresponding criteria for the healthy control group were v 24 natural teeth and no sites with s 3 mm PPD or attachment loss. None of the participants was pregnant, had scaling or a history of systemic or local use of anti-infectiva during the 4 months prior to sampling, or a known systemic condition that could have in£uenced periodontal health. All subjects gave their written, informed consent to participating in this study, which was approved by the local region's ethical committee.
Periodontal examination and plaque sample collection
PPD and loss of attachment, veri¢ed by X-ray examinations, were determined to the nearest millimeter [12] . The four test sites had 4^10 mm (mean 6.4 þ 0.18 mm S.E.M.) PPD and were considered by the clinician to be the most diseased sites of the quadrant. They were sampled with three ¢ne paper points as described [13] , except for using a curette instead of rubber cups to remove supragingival plaque beforehand. From healthy subjects marginal plaque was collected from four palatinal or lingual gingival surfaces using a sterile curette. Samples from a subject were pooled in 1 ml of sterile phosphate-bu¡ered saline, immediately frozen at 320 ‡ or 380 ‡C, and transported deep-frozen to the microbiology laboratory. There, samples were randomly coded, defrosted, vortexed for 30 s at the maximum setting, split into 200-Wl aliquots, and restored at 380 ‡C until further analysis. Analyses were performed blinded to the respective investigator.
Bacterial strains
P. gingivalis strains OMZ 925 (ATCC 33277), OMZ 409, OMZ 924 (6/26), OMZ 308 (W50), and OMZ 923 (HN-99) were used as a source for ampli¢cation of ¢mA alleles I to V, respectively. OMZ 923, 924 and 925 were provided by I. Nakagawa (Osaka, Japan), OMZ 308 by P. Marsh (Salisbury, UK), OMZ 409 is an own isolate from a deep periodontal pocket. All strains have been described previously [6, 9, 14] . They were cultured anaerobically in FUM medium [14, 15] . Escherichia coli DH5K was used as host for plasmids and was grown aerobically at 37 ‡C in LB medium. When required for maintenance of plasmids, ampicillin was added (100 Wg ml 31 ).
Preparation of DNA
Chromosomal DNA from overnight grown cultures of P. gingivalis was isolated according to Ausubel et al. [16] . Plaque DNA was extracted using the high pure PCR template preparation kit (Roche Applied Science, Rotkreuz, Switzerland) with the following modi¢cations: after thawing and vortexing, 50-Wl aliquots of each sample were added to 150 Wl sterile DNase-free H 2 O in Eppendorf Biopur microtubes (Eppendorf, Vaudaux, Switzerland) and heated for 10 min at 95 ‡C. Samples were then sonicated for 15 min at 47 kHz at room temperature in a sonicator bath (Branson, model 2510, Soest, The Netherlands). Digestion with proteinase K and isolation of DNA were carried out following the manufacturer's instructions. Puri¢ed DNA samples were stored at 320 ‡C.
Standards for quantitative PCR
Plasmids that served as standards for quantitative PCR were generated by PCR ampli¢cation from chromosomal DNA of P. gingivalis. PCR was carried out on a T-gradient thermocycler (Biometra, Go « ttingen, Germany). Reaction mixtures contained 1 WM of each primer, 0.5 mM dNTPs, 2 mM MgSO 4 and 1 U of Vent DNA polymerase England in 1UVent DNA polymerase reaction bu¡er. Cycling conditions were as follows : initial denaturation at 95 ‡C for 5 min, 30 cycles of denaturation at 94 ‡C for 30 s, annealing at 58 ‡C for 30 s and extension at 72 ‡C for 30 s, followed by ¢nal extension at 72 ‡C for 7 min. The PCR products were polished with T4 DNA polymerase and phosphorylated with polynucleotide kinase. The DNA fragments were then cloned in pBluescript KS (Stratagene Europe, Amsterdam, The Netherlands) that had been digested with EcoRV and dephosphorylated with calf intestinal phosphatase. Sequencing of the inserts showed that the correct fragment had been cloned. Table 1 lists the primers used, the length and the melting point of the ampli¢ed DNA segments. Quantitative PCR was carried out on a LightCycler System (Roche Applied Science) using the FastStart DNA Master SYBR Green I kit (Roche Applied Science). PCR reactions were set up in glass capillaries in a total volume of 20 Wl containing FastStart reaction mix and enzyme, 3.5 mM MgCl 2 , 2 Wl DNA and 1 WM of each primer. Temperature cycling pro¢les were as follows: preincubation at 95 ‡C for 10 min, followed by 40 cycles of denaturation at 95 ‡C for 10 s, annealing at 58 ‡C for 5 s, and extension at 72 ‡C for 20 s. The detection of £uorescent products was monitored once every cycle selectively in the area around the melting point. After ampli¢cation, melting curve analysis was carried out in the range from 65 to 95 ‡C to con¢rm that the DNA PCR products from plaque and reference plasmids had identical melting points. Selected PCR products were also assessed by electrophoresis in 1% agarose gels. In cases of very faint bands, the products were reampli¢ed by PCR using Platinum Taq Polymerase (Invitrogen, Basel, Switzerland) and the following cycling conditions: 2 min preincubation at 95 ‡C followed by 45 cycles of denaturation at 94 ‡C for 30 s, annealing at 58 ‡C for 30 s, extension at 72 ‡C for 30 s and a ¢nal extension at 72 ‡C for 7 min. Sequencing of selected ¢mA IV and ¢mA V PCR products was performed by Microsynth (Balgach, Switzerland) using one of the two primers that were employed for ampli¢cation. ¢mA type I PCR products were sequenced after cloning in the vector pBluescript KS.
Quantitative PCR
Quanti¢cation of P. gingivalis copy numbers was done by comparison with standard curves, obtained with dilutions of 2.5 to 10 5 plasmids harboring a cloned copy of the template as described above. To exclude that compounds present in plaque DNA preparations inhibited PCR ampli¢cation, P. gingivalis 16S rRNA-negative extracts were spiked with 10 3 copies of the plasmid containing the rRNA template and retested. In addition, standard PCR with the broad-range eubacterial 16S rRNA primers p806R and p8FPL [17] was used to verify that su⁄cient amounts of eubacterial template DNA were present in P. gingivalis-negative extracts. Finally, to avoid the propensity of PCR assays to cause bias and artifacts when amplifying DNA from complex clinical or environmental samples at high PCR cycle numbers [18] , the cycle number was limited to 40.
Immuno£uorescence (IF)
Indirect IF with monoclonal antibody (mAb) 61BG1.3 [14] to enumerate P. gingivalis in plaque samples was performed exactly as described [19] .
Statistical analyses
Data from 2U2 contingency tables were evaluated by Fisher's exact test. The null hypothesis that there was no di¡erence between the colonization of P. gingivalis-positive samples with various P. gingivalis genotypes was assessed with the Friedman test. The rejection limit for the null hypothesis was set at 5%. In case of rejection, pairwise di¡erences between genotypes were evaluated with the Wilcoxon signed rank test. All statistical analyses were done with the StatView 5.01 software (SAS Institute, Cary, NC, USA).
Results
P. gingivalis was detected in 71% of the periodontitis and 9% of the control samples (Table 2 ). With one exception (2%), presence or absence of the species was recorded identically by real-time PCR and IF (Table 2 ). For most positive samples real-time PCR ampli¢cation of P. gingivalis-speci¢c 16S rRNA yielded cell estimates between 10 6 and 4U10 7 cells (Fig. 1A) . The accuracy of these numbers was veri¢ed by indirect IF using a blinded protocol. Distribution and quantity of ¢mA genotypes are sum- GGA CTA CCA GGG TAT CTA AT [17] marized in Table 3 . Each genotype was observed in at least two samples. With positive scores in 10 (67%) and 11 cases (73%), respectively, genotypes II and IV were most prevalent. More than two thirds of the P. gingivalis-positive samples (73%) harbored multiple ¢mA genotypes, whereas one sample was non-typable in spite of testing positive for P. gingivalis by both IF and 16S rRNA typing. Quantitatively, ¢mA genotype II predominated, exceeding the other genotypes in nine of the 10 samples that harbored genotype II. Genotype I was found in only two patients, but in both cases with high cell numbers. Genotype IV predominated in three samples, which notably were negative for the otherwise predominating genotype II. Genotypes III and V occurred in one third of the samples, but generally at very sparse densities. Overall, the ¢mA genotypes di¡ered signi¢cantly (P = 0.0016; Friedman test) in their colonization of dental plaque, due primarily to the predominance of genotype II (Table  3 ). The identity of the PCR products was veri¢ed by melting curve analysis ( Fig. 2A) and con¢rmed selectively by gel electrophoresis (Fig. 2B , Table 3 ) and DNA sequencing (Table 3) .
Discussion
This report describes probably the ¢rst application of quantitative real-time PCR assays for the enumeration of P. gingivalis ¢mA genotypes in plaque. Quantitative measurements are of importance since likely not the mere presence but the abundance of the organism is of importance with respect to destructive periodontal disease. With complex clinical samples containing hundreds of bacterial species and frequently s 10 8 bacteria per ml of sample solution, we used assay parameters that limited detection to 10 copies per PCR assay ( 6 40 cycles, relative £uores-cence threshold set to 0.1) to avoid possible interference from PCR-generated artifacts [18] . With this deliberate restriction the real-time PCR assay had a lower detection limit of 2U10 4 cells ml 31 , which is slightly higher than the corresponding limit of IF or DNA probe assays (approximately 5U10 3 cells ml 31 ), but will be su⁄cient for most experimental or diagnostic applications. About half of the low signal PCR responses were veri¢ed by gel electrophoresis or DNA sequencing to con¢rm that the PCR products had indeed the required length or sequence for the respective ¢mA genotype. In all cases these analyses yielded the anticipated result (Fig. 2, Table 3 ). The results from the LightCycler PCR assay for the total cell number of P. gingivalis corresponded excellently with data from an IF test that measured the species' cell number with mAb 61BG1.3 that is directed to a conserved hemagglutinin epitope [20] . These ¢ndings demonstrate and con¢rm [21, 22] the validity of quantitative real-time PCR for measuring of P. gingivalis in complex clinical samples. Melting curve analysis of real-time PCR ampli¢cation products from plaque proved to be a highly valuable tool to assess quickly identity with reference sequences. Investigating the abundance of P. gingivalis ¢mA genotypes in European Caucasians, a strikingly high percentage (73%) of samples with plaques from four sites were found colonized with two or more genotypes. Of interest was that the ¢ve genotypes seemed to di¡er markedly in their ability to proliferate to high (and potentially harmful) cell densities. Standing out in this respect was genotype II, which at a prevalence of 67% exceeded other ¢mA genotypes within the same sample on average by a factor of 184. Another interesting observation was that genotype IV, with a prevalence of 73%, reached high cell densities (in excess of 10 6 cells ml 31 of sample) only thrice and this only in the absence of the otherwise abundant genotype II. Genotypes I, III and V were clearly less prevalent ; with 13% genotype I had the lowest prevalence but, if present, it reached comparatively high cell density. This pilot study has two major limitations, the small number of test persons and the assessment of pooled instead of single plaque samples. Due to the latter limitation co-existence of di¡er-ent ¢mA genotypes in the same ecological niche (site) could not be proved. Under conditions of proven co-colonization such ¢ndings could suggest di¡erential control of ¢mA genotypes by host factors, by other bio¢lm members, or a competitive advantage of genotype II over genotype IV. Therefore, future studies devoted to this topic are of interest, but will have to assess individual sites in (Table 3) . order to better relate colonization by (a) certain genotype(s) to a particular ecological niche.
A comparison of our results with those of Amano et al. [8] , who studied the presence or absence of the ¢mA genotypes in a large group of Japanese subjects originating from a limited area near Osaka, reveals both agreements and marked di¡erences. First, the well-documented association of P. gingivalis with generalized chronic periodontitis [1] was con¢rmed once more. Second, the prevalence of the species in this study's subject groups was much lower than in the Japanese subject groups, in the periodontally healthy group the di¡erence was four-fold (9.1% versus 36.3%). This cannot be explained by the younger mean age of our control subjects since the youngest quartile of Amano et al.'s control group still had a P. gingivalis prevalence of 35.5%. Third, with 73% against 27% the frequency of samples harboring multiple genotypes was much higher in the present study. Probably, this re£ects di¡erent colonization patterns in subjects from di¡erent ethnicities with distinct cultural habits (e.g., diet), although it could also be related to di¡erential assay sensitivity. The latter explanation cannot be excluded without a parallel testing of samples. However, we consider it unlikely since our PCR assay's lower detection limit was deliberately restricted. Fourth, we did not observe the striking association of ¢mA genotypes I and II with health and chronic periodontitis, respectively, that was reported for the Japanese subjects. In the present study genotype I was rare and not detected in periodontally healthy subjects. Unfortunately, the low prevalence of genotype I together with the relatively small sample number do not allow conclusions on the association of ¢mA genotypes I and II with periodontal health or disease in Europeans.
Besides genotype II ¢mbrillin expression, certain heteroduplex types of the ribosomal intergenic spacer region have been linked to human periodontitis [23] . Strains with close relationship to W83^a reference strain for ¢mA genotype IV^were found to be signi¢cantly associated with chronic periodontitis, whereas strains that grouped with A7A1, a marker strain of ¢mA genotype II, showed no disease association because of their frequent presence at healthy sites [23] . Our results correspond with Gri¡en et al.'s observations [23] in two respects: the high frequency of samples containing multiple P. gingivalis strains and the dominating prevalence of the genotypes represented by A7A1 and W83.
In summary, the present study describes the application of a new quantitative real-time PCR assay for di¡erent ¢mbrial genotypes of P. gingivalis to a small number of samples from volunteers with or without chronic periodontitis. It shows that P. gingivalis-positive samples harbored mostly two or more ¢mA genotypes. Apart from di¡erences in prevalence, the genotypes seemed to di¡er in their ability to reach high cell densities, possibly due to di¡erential sensitivity to host defense mechanisms or to a competitive advantage of genotype II. To verify this hypothesis, further investigations with large numbers of sitespeci¢c samples are desirable. In view of the presumably very low prevalence of some ¢mA genotypes, the test groups (in particular the control group) will likely have to exceed 500 subjects^each with multiple test sites for investigation^to guarantee that every genotype is detected with statistically su⁄cient frequency.
